Biodegradation a b s t r a c t Bone cements are extensively employed in orthopaedics for joint arthroplasty, however implant failure in the form of aseptic loosening is known to occur after long-term use. The exact mechanism causing this is not well understood, however it is thought to arise from a combination of fatigue and chemical degradation resulting from the hostile in vivo environment. In this study, two commercial bone cements were aged in an isotonic fluid at physiological temperatures and changes in moisture uptake, microstructure and mechanical and fatigue properties were studied. Initial penetration of water into the cement followed Fickian diffusion and was thought to be caused by vacancies created by leaching monomer. An increase in weight of approximately 2% was experienced after 30 days ageing and was accompanied by hydrolysis of poly(methyl methacrylate) (PMMA) in the outermost layers of the cement. This molecular change and the plasticising effect of water resulted in reduced mechanical and fatigue properties over time. Cement ageing is therefore thought to be a key contributor in the long-term failure of cemented joint replacements. The results from this study have highlighted the need to develop cements capable of withstanding long-term degradation and for more accurate test methods, which fully account for physiological ageing.
Introduction
Cemented joint replacements are regarded as the "gold standard" for hip and knee arthroplasty and have been extensively employed in orthopaedic surgery since the late 1950s when they were first introduced by Sir John Charnley (Breusch and Malchau, 2005; Lewis, 1997) . This procedure employs polymethyl methacrylate (PMMA) bone cement to secure the prosthesis to the bone and distribute stresses more evenly around the implant and is currently associated with a failure rate of approximately 10% after 15 years (Breusch and Malchau, 2005; Lewis, 1997) . The exact mechanism behind implant failure is not well understood; however, aseptic loosening is known to be the main mode of failure and is thought to arise due to a combination of mechanical fatigue and chemical degradation (Haas et al., 1975; Coury et al., 2004; Pantucek, 1969; Herman et al., 1989; Pelletier et al., 1999) . With an ageing population and the number of joint replacements on the increase (UK NJR, 2011), a study investigating the degradation of bone cement over time is of clinical relevance and may provide insights into the role cement ageing has on implant failure. The mechanical performance of PMMA bone cements is dependent upon several factors, including the composition of the cement, the method of sterilisation, the mixing technique, bone-implant conditions and the in vivo environment (Lewis, 1997; Goldman et al., 1998; Shen et al., 1983; Graham et al., 2000; Jasty et al., 1990) . The mixing technique can influence porosity, which in turn affects the mechanical performance of the cement. Porosity may also influence the chemical degradation of the cement as pores create pathways for fluid to penetrate and diffuse into the cement (Jasty et al., 1990; Ries et al., 2006) .
Several authors have conducted studies on the in vivo behaviour of PMMA bone cement. Hughes et al. (2003) demonstrated that long-term implantation of PMMA bone cement is associated with a decrease in the molecular weight of the cement in hip retrievals, but not in knee retrievals. A reduction in the molecular weight of the cement is usually associated with a reduction in mechanical and fatigue performance (Graham et al., 2000) . Bettencourt et al. (2004) demonstrated that the surface wettability of bone cement increased after in vivo use and it was hypothesised that this may contribute to loosening by inducing a host response towards the implant. A degradation mechanism was proposed by both Hughes and Bettencourt, whereby chain scission and hydrolysis of ester groups alters the PMMA molecule over time. A study by Oonishi et al. (2011) demonstrated that the bending strength of CMW bone cement decreased with increased time in vivo, however there was no correlation between changes in molecular weight and implantation time. Furthermore, chain scission and hydrolysis of PMMA in that study was found not to have occurred in retrieved CMW cement samples.
Polymers have been known to undergo changes in mechanical and rheological properties when submersed in fluid over time. The extent of these changes can be attributed to the degree of fluid uptake, the nature of the immersion fluid, the temperature, the composition of the polymer and the duration of immersion. Typical changes include an increase in mass and a lowering of the glass transition temperature (T g ), when a polymer changes from a glassy to a rubbery state (McCrum et al., 1997) . Diffusion in polymers is a complex process and difficult to predict. It is known that the diffusion of a liquid into a polymer is affected by the physical properties of the polymer network and the interactions between the polymer and the liquid itself. A classification method was proposed by Alfrey et al. (1966) , whereby diffusion is classified according to the polymer relaxation rate and liquid diffusion rate. The classifications fall into two categories, Fickian (Case I) and non-Fickian (Case II and anomalous) and can be related by M t ¼kt n , where M t is the amount of solvent absorbed per unit area at time t, k is a constant and n is a parameter related to the diffusion mechanism which lies between 1/2 and 1 (Masaro and Zhu, 1999) .
The majority of polymers are known to follow a Fickian uptake curve (Fick 0 s second law; Ashby and Jones, 2007) , particularly when the temperature is above the glass transition point (T g ) and the polymer chains have high mobility, allowing for easy penetration of the liquid (Grinsted et al., 1992) . This behaviour is characterised by a high polymer relaxation rate, R relax , and a low liquid diffusion rate, R diff (R relax ⪢R diff ). The diffusion distance of this mechanism is proportional to the square root of time and therefore the n parameter is 1/2. Fickian diffusion has been observed in polymers with plasticisers below the glass transition temperature and the literature shows a maximum value for total percentage weight change of roughly 2% (Grinsted et al., 1992; Nottrott, 2010) . Interestingly, the diffusion into PMMA of methanol with water was found to follow Fickian diffusion below the glass transition temperature as water acted as a plasticiser, which increased chain mobility allowing for further water penetration (Grinsted et al., 1992) .
Non-Fickian diffusion is usually observed in glassy polymers below the glass transition temperature, where the polymer chains are not mobile enough to permit diffusion of liquids. Two non-Fickian diffusion processes can occur, Case II and anomalous. These processes differ by the rates with which the liquid diffuses into the polymer. For Case II diffusion, the rate is much higher than the polymer relaxation rate (R diff ⪢R relax ), whilst for anomalous diffusion, the rates are roughly the same (R diff ER relax ). For Case II diffusion, the diffusion distance is directly proportional to time so n is equal to 1 and for anomalous diffusion, the rate is between that of Fickian diffusion and Case II diffusion so n is between 1/2 and 1 (Masaro and Zhu, 1999) .
Water uptake in glassy polymers can arise through any of these diffusion processes. PMMA is considered a glassy polymer as it is hard, non-crystalline/amorphous and the polymer chains have little mobility below the T g . It is thought that below the T g , the diffusion of water into glassy polymers is limited. Upon heating a glassy polymer however, it will soften and become rubbery, giving the polymer chains increased mobility.
The actual mechanism of water uptake in polymers varies but can arise due to fluid occupying vacancies in the material, such as pores or voids, or by water diffusing between intermolecular spaces (Neogi, 1996) . With PMMA bone cements, vacancies may be created by entrapped air during mixing and by leaching monomer. Water molecules are also small enough to diffuse into spaces within radiopacifier agglomerations and between the polymer molecules. The latter is more pronounced as a result of plasticisation and higher temperatures, which causes the polymer chains to relax and increase the intermolecular spaces. Fluid can therefore diffuse into bone cements either without any relationship to the polar molecules in the material (free volume theory) or it can be governed by specific molecular interactions (Bellenger and Verdu, 1989; Yiu et al., 2004) .
Studies investigating antibiotic release from bone cements have postulated that water penetrates into the cement through surface cracks and voids, created by the release of gentamicin sulphate (Baker and Greenham, 1988; Torrado et al., 2001; Diez-Pena et al., 2002) . Few studies however, have investigated the diffusion mechanisms of water into bone cements that do not contain antibiotics.
Although there is an extensive literature on PMMA ageing and degradation, studies investigating the effects of ageing on mechanical and fatigue properties are limited. The extent of moisture uptake in commercial PMMA bone cements, which may contribute to structural changes, is also a topic that has not been extensively explored. The aim of this study was to understand how commercial PMMA bone cement, without antibiotic, absorbs moisture in vitro and the effect this has on mechanical and fatigue properties. Furthermore, the study aimed to investigate whether the chemical changes hypothesised by other authors were observed when commercial cement is aged in vitro.
Two commercially available high viscosity cements were selected for this study: Cemex Isoplastic and Palacos R. These brands were selected due to their distinctly different properties and compositions, as shown in Table 1 . These differences in physicochemical properties may impact the rate of water uptake, ageing and changes in mechanical properties over time. Similarly, the different compositions result in different setting parameters and viscosities during mixing, however this has not been investigated in this study. Nevertheless, both of these cements are currently employed in total hip and knee replacements as a grout between the bone and the implant and therefore this study has significant clinical relevance.
2.
Materials and methods
Materials
Cemex Isoplastic was purchased from Exactech (Redditch, United Kingdom) and Palacos R was donated by Heraeus Medical GmbH (Newbury, United Kingdom). High-grade (498%) calcium chloride (CaCl 2 ), sodium chloride (NaCl), potassium chloride (KCl), potassium bromide (KBr) and sodium bicarbonate (NaHCO 3 ) were obtained from Fisher Scientific UK Ltd. (Loughborough, UK). Krak-gages were purchased from Hartrun Corporation (Minnesota, USA).
Sample preparation
Cemex Isoplastic and Palacos R samples were prepared using the ISO5833 (Implants for surgery-Acrylic resin cements) standard as a guideline (Institution BS. ISO5833, 2002) . Manual mixing was performed in a polypropylene mixing bowl with a polypropylene spatula according to the manufacturer 0 s instructions. The cements were introduced into polytetrafluoroethylene (PTFE) moulds, which were clamped between stainless steel end plates to produce samples with the dimensions specified below for each test. After 30 min, the samples were removed from the moulds and dry sanded to the correct dimensions using 250 grit silicon carbide paper.
Storage conditions
Ringer 0 s solution (8.6 mg/mL NaCl, 0.3 mg/mL KCl and 0.33 mg/mL CaCl 2 , buffered to a pH of 7.4 with NaHCO 3 ) as specified by Davis (2003) was prepared using deionised water. Samples were aged in either air at 23 1C as specified by the ISO5833 standard or in 5 mL of isotonic fluid (Ringer 0 s Solution, pH 7) at 37 1C, with the fluid replaced every 14 days.
Moisture uptake
Cylindrical compression samples (6 mm diameter and 12 mm length) were prepared and weighed to the nearest 70.1 mg prior to ageing in air or Ringer 0 s solution. Samples were aged in air at 23 1C or Ringer 0 s solution at 37 1C and weighed at 6 h, 1, 2, 3, 7, 30 and 60 days. Surface moisture from samples stored in Ringer 0 s solution was removed with a paper towel prior to weighing. Eq. (1) was used to calculate the total percentage change in weight for each sample. Five samples were used for each time point and ageing condition to obtain an average change in weight over time.
2.5.
Mathematical modelling
Mathematical models were applied to the moisture uptake curves to better understand the diffusion mechanisms occurring in commercial bone cements. Eq.
(2) was applied to the moisture uptake data at various time points (0-3 days and 3-60 days). Fickian (n¼ 1/2) and Case II (n¼1) diffusion equations were applied to the data and the goodness of fit was investigated using the curve fitting toolbox in Matlab (MathWorks, Cambridge, UK), which calculated coefficients by minimising the sum (2), which represents the leaching components from the cement, to better model the data obtained, as shown in Eq. (3).
2.6. Porosity
Cemex Isoplastic and Palacos R cement was prepared as previously outlined and two cement discs from each brand (10 mm diameter and 2 mm height) were formed using PTFE moulds. One sample was aged in air at 23 1C for 24 h and the other was aged in 5 mL of Ringer 0 s solution at 37 1C for 60 days. The samples were then gold-coated using an E65x sputter coater (Emitech, Kent, UK) and the surface porosity was studied using an EBT1 scanning electron microscope (SEM Tech Ltd., Southampton, UK) at 15 KeV.
Mechanical properties
The compression and bending properties of cement samples were determined using a Zwick Roell ProLine table-top Z050/ Z100 materials testing machine with TestXpert II software (Zwick Testing Machines Ltd., Herefordshire, UK) and the ISO5833 standard as a guideline after ageing in air at 23 1C for 1, 2, 3, 7, 30 and 60 days or Ringer 0 s solution at 37 1C for the same time points. Cylindrical compression samples (6 mm diameter and 12 mm length) were tested at a constant crosshead speed of 20 mm/min. Rectangular bending samples (75 mm length, 10 mm width and 3.3 mm thickness) were tested at a constant cross-head speed of 5 mm/min in fourpoint bending. Five compression and five bending samples were tested to determine average compression and bending properties for each time point, ageing condition and cement brand.
Fracture toughness
Linear elastic fracture mechanics (LEFM) was used to determine the fracture toughness of cement samples aged in air for 24 h at 23 1C and Ringer 0 s solution for 60 days at 37 1C. This allowed a comparison between fully saturated samples and those tested according to the ISO5833 standard specifications. Single-edge notched three-point bending samples (35 mm length, 10 mm width and 3 mm thickness) were prepared and a sharp chevron notch (4.5-5.5 mm in length) was created through the centre of the sample using a razor blade mounted onto a modified microtome, as described by Evans (2007) . The initial crack length and specimen dimensions were measured using a travelling microscope (Pye Scientific, Cambridge, UK). The specimens were loaded at a crosshead speed of 5 mm/min in three-point bending, with the span between the rollers set to 40 mm, until failure occurred. The load and displacement were recorded and the critical stress intensity factor (K ic ) of the cement was calculated as described in the ISO13586:2000 standard (Institution BS. ISO13586, 2000) . Five samples were tested for each ageing condition and cement brand to produce mean fracture toughness values.
Fatigue properties
Fatigue crack growth tests were performed using disc compact tension (DCT) specimens, with dimensions conforming to the ASTM E399 standard (International ASfTaM, 2009) as described by Evans (2007) . A modified microtome was used to cut a chevron notch, which ensured symmetrical crack growth. The initial crack length and specimen dimensions were measured using a travelling microscope (Pye Scientific, Cambridge, UK). In order to apply the load symmetrically across the sample, loose plates with oversize holes were employed, which allowed the loading pins to rotate freely without friction. The crack length was monitored using Krakgages and a constant current supply and amplifier designed and built by Evans (2007) was used to obtain accurate crack growth measurements at low crack growth rates. Precision components were employed and the current regulator and preamplifier were kept at a constant temperature in an Instron environmental chamber (Instron SFL, Bristol, UK) to achieve very low noise and offset drift. Four fatigue samples were prepared for each cement brand, two of which were tested after 24 h ageing in air at 23 1C and two of which were tested after 60 days ageing in Ringer 0 s solution at 37 1C. All tests were carried out in an Instron environmental chamber at 37 1C using a 5 kN Dartec servohydraulic testing machine with an MTS FlexTest GT controller and MTS Multipurpose software (MTS, Eden Prairie, MN, USA).
Samples were cyclically loaded in load control with a sine wave at 5 Hz between 70 N and 7 N for Cemex Isoplastic and 100 N and 10 N for Palacos R (R-ratio of 0.1), allowing for measurements of crack growth rates through stress intensities of 0.3-0.9 MPa m 1/2 . Prior to loading, samples were subject to a precracking procedure to ensure an initial steady crack growth rate of 10 À 9 m/cycle. For precracking, a high cyclic load of 200 N at 5 Hz was applied and the load reduced by 10% after every 0.2 mm of crack growth. The crack length and number of cycles were measured during loading and the crack growth rate (da/dN in m/cycle) was calculated for every 0.2 mm of crack growth. Similarly, the corresponding stress intensity factor range (ΔK) for each sample and crack length (ranging from 6 to 12 mm, in steps of 0.2 mm) was calculated using Eq. (4), where P max is the maximum load, P min is the minimum load, b is the sample thickness, a is the crack length from centre point of the holes to the tip of the crack, W is the width of the specimen from centre point of the holes to the bottom of the specimen and α is a/W and is greater than 0.2.
For each sample, da/dN was plotted as a function of ΔK on a logarithmic scale. The Paris Law was applied to obtain coefficients 'A' and 'm' (as shown in Eq. (5)) for each sample group.
The fracture surfaces of the fatigue testing samples were gold coated using an E65x sputter coater (Emitech, Kent, UK) and imaged using an EBT1 scanning electron microscope (SEM Tech Ltd., Southampton, UK) at 15 KeV.
Structural changes
Structural changes were monitored by Fourier Transform Infrared Spectroscopy (FTIR) using a Perkin Elmer Spectrum One FT-IR Spectrometer with FT-IR Spectrum software (Perkin Elmer, Massachusetts, USA) between 4000 cm À 1 and 450 cm À 1 with a resolution of 4 cm À 1 . Samples were scanned after 24 h in air at 23 1C and 60 days in Ringer 0 s solution at 37 1C. The surface of the bending samples was scanned using attenuated total reflectance (ATR) at 6 different sections on the sample, taking 30 scans at each section to obtain an average spectrum of the sample surface. To obtain a spectrum of the outer and inner layers of the sample, a sterile file was employed to remove a small cross section of the sample and 1 mg of the sample was combined and crushed with 100 mg of KBr to create discs. Two discs were prepared per sample and 30 scans per sample were performed.
Glass transition temperature
The glass transition temperature of samples was determined by dynamic mechanical analysis using a Rheometric Scientific V500 (TA Instruments Ltd., Elstree, UK). Small matchstick-like samples (30 mm length, 3 mm width and 2 mm height) were prepared and stored for 24 h in air at 23 1C and 60 days in Ringer 0 s solution at 37 1C. Samples were loaded sinusoidally at a frequency of 1 Hz in a dual cantilever configuration and heated from 35 1C to 200 1C at a rate of 10 1C/min, whilst the applied stress and strain was measured. The phase lag (δ) between the stress (s) and strain (ε) was measured and the storage modulus (E 0 ) and loss modulus (E″) were calculated using Eqs. (6) and (7) respectively. The complex viscosity (tan δ) was calculated as shown in Eq. (8) and plotted against temperature. The temperature at which tan δ was at its maximum was considered to be the glass transition temperature (T g ). Five samples were tested to obtain a mean value for T g .
2.12.
Vickers hardness tests
Two Cemex Isoplastic and two Palacos R disc shaped samples (10 mm diameter and 2 mm height) were prepared and the surfaces polished with a 4000 grit silicon carbide paper. One sample of each cement brand was stored in air for 24 h at 23 1C and one sample of each cement brand was stored in Ringer 0 s solution for 60 days at 37 1C. The microhardness of the samples was tested according to the ISO6507-2 standard (Institution BS. ISO6507, 2005). Five indentations, 1 mm apart and 1 mm from the edges of the sample, were placed on both sides of each sample using a Zwick 3212 indenter fitted with a 1361 square-based pyramid diamond indenter (Zwick Testing Machines Ltd., Herefordshire, UK) with a load of 200 g for 10 s. Indentations in the vicinity of large pores (450 mm) were disregarded and repeated. For each indentation, two diagonal lengths were measured using a travelling microscope and averaged. Eq. (9) was employed to calculate the average hardness value (in MPa), where F is the load in kg (0.2) and d is the mean diagonal length of the indentation in mm.
2.13.
Statistical analysis
An analysis of variance (ANOVA) was carried out to establish significant differences between groups of samples using the data analysis package in Excel (Microsoft, Reading, UK).
Significance between groups was defined as those with a calculated p-value of less than 0.05.
Results

3.1.
Moisture uptake Fig. 1 shows the change in weight for Palacos R and Cemex Isoplastic stored in air at 23 1C and Ringer 0 s solution at 37 1C, plotted against the square root of time. This type of plot was employed to demonstrate Fickian diffusion, indicated by a linear relationship between moisture uptake and the square root of time. Both commercial cements aged in Ringer 0 s solution experienced a total weight increase of approximately 1.5-2%, whilst samples aged in air experienced a weight loss of approximately 0.3%. The linear portions for samples aged in Ringer 0 s solution occurred over the first 3 days, after which water absorption continued at a slower rate. Equilibrium for both cements was reached after 30 days and overall Palacos R had the greatest moisture uptake at the end of the study (2% after 60 days). 
3.2.
Mathematical modelling of moisture uptake Tables 2 and 3 demonstrate the results of modelling moisture uptake for Cemex Isoplastic and Palacos R respectively. For both cement brands the modified Eq.
(3) (M t ¼ bþkt n ) fitted the data most accurately. This additional constant (b) represents the leaching of monomer, which leaves vacancies into which the water diffuses. For the first 3 days, both cements fitted a Fickian diffusion model well (R-valueZ 0.96) and when using Eq.
(3) (M t ¼ kt n ) Cemex Isoplastic and Palacos R had n values of 0.526 and 0.354 respectively, signifying a close relationship to Fickian diffusion (n¼ 0.5). After 3 days however, the diffusion slowed and was no longer Fickian. The additional coefficient did not improve the goodness of fit for both cements between 3 and 60 days in Ringer 0 s solution. This suggests that the leaching monomer did not affect the moisture uptake after 3 days in Ringer 0 s solution. The Case II diffusion equation produced the poorest fit for all the data points modelled and confirmed that water absorption was not linear with time.
Porosity
SEM images of the cement surfaces before and after storage in Ringer 0 s solution for 60 days are shown in Fig. 2 . For Cemex Isoplastic and Palacos R, surface imperfections were detected (white arrows), potentially as a result of the sample preparation. Radiopacifier particles were observed (black arrows), however few surface pores were detected on the surface of the samples both before and after ageing, demonstrating that diffusion was not predominantly driven by surface porosity. 
Mechanical properties
3.5.
Fracture toughness, glass transition temperature and Vickers hardness Table 5 shows the fracture toughness, glass transition temperature and hardness for Cemex Isoplastic and Palacos R after ageing in air for 24 h at 23 1C and Ringer 0 s solution for 60 days at 37 1C. All three properties were significantly reduced (ANOVA, po0.05) after ageing in Ringer 0 s solution for 60 days at 37 1C when compared to samples tested after 24 h in air at 23 1C.
Fatigue properties
The crack growth rates for the fatigue tests are shown in Fig. 3 . The crack growth rates increased for Cemex Isoplastic after storage in Ringer 0 s solution for 60 days at 37 1C. It is unclear, however, whether ageing in Ringer 0 s solution at 37 1C affected the fatigue properties of Palacos R. Table 6 demonstrates the coefficients obtained when the Paris Law was applied to the fatigue data. The 'A' coefficient represents the crack growth at ΔK ¼ 1 MPa m 1/2 and the 'm' coefficient is the slope of the plot, which represents the change in crack growth rate. Both cements experienced an increase in the 'A' and 'm' coefficients for both cements, demonstrating a reduction in crack growth resistance. All fatigue samples were found to have correlation coefficients above 0.60 when the Paris Law was applied, demonstrating a moderate to strong positive correlation between the data and the Paris Law. Palacos R had lower correlation coefficients when compared to Cemex Isoplastic, due to higher variation in the crack growth rates of the samples tested. The fracture surfaces of both Cemex Isoplastic and Palacos R fatigue samples were rougher after ageing in Ringer 0 s solution and both cements were found to have pores both before and after ageing on the fracture surface due to entrapped air during mixing (Fig. 4) .
Structural changes
FTIR peaks representative of PMMA were observed in Cemex Isoplastic and Palacos R samples using both ATR and KBr techniques for all time points (Figs. 5 and 6) . The peaks were between 2850 cm À 1 and 2950 cm À 1 for methylene (CH 2 ) and methyl (CH 3 ) stretches; at 1400 cm À 1 and 1450 cm À 1 for methyl groups (CH 3 ); between 1300 cm À 1 and 1500 cm À 1 for the CH bend; at 1730 cm À 1 for the C¼ O stretch; at 1240 cm À 1 for the C-C-O stretch; at 1140 cm À 1 for the O-C-C stretch; and between 1300 cm À 1 and 900 cm À 1 for the C-O stretch. Differences were observed between the spectra of Cemex Isoplastic and Palacos R and are attributed to the different radiopacifiers employed and the presence of methyl acrylate (MA) in Palacos R. Increases in peak intensity were observed, demonstrating an increase in the number of bonds formed. A shift in the position of certain peaks was also observed, demonstrating a change in one chemical bond in favour of another. The j o u r n a l o f t h e m e c h a n i c a l b e h a v i o r o f b i o m e d i c a l m a t e r i a l s 3 2 ( 2 0 1 4 ) 7 6 -8 8 changes in peak intensity and position however, were only observed in ATR surface measurements. After 60 days ageing, a decrease in the intensity of peaks located between 2850 cm À 1 and 2950 cm À 1 was observed and is characteristic of a transition from unsaturated alkenes (C ¼C) to saturated alkanes (C-C), as occurs in the polymerisation of MMA to PMMA, and also indicates the absence of unreacted monomer, which leaches out of the cement over time. An increase in the intensity of peaks at 1730 cm À 1 and between 900 cm À 1 and 1300 cm À 1 were observed, demonstrating the formation of C¼ O and C-O bonds. Similarly an increase in the intensity of the O-C-C stretch at 1140 cm À 1 was recorded. Peaks at 2800 cm À 1 decreased in intensity and a peak at 3000 cm À 1 formed, demonstrating a change from CH bonds to OH bonds. Similarly, peaks at 1430 cm À 1 and 1060 cm À 1 were found to increase in intensity for ATR scans after ageing, demonstrating the potential formation of carboxyl groups. The changes however, were only present on surface ATR scans and not KBr scans, which examined the bulk cross-section of cement samples.
Discussion
The mechanism of moisture uptake and ageing in PMMA bone cements is of clinical relevance as changes to the material properties over time may affect the performance of the cement and influence the likelihood of failure. Three processes are thought to occur simultaneously during the ageing of bone cement: the cement polymerises over a prolonged period of time, increasing the strength and modulus of the cement; unreacted monomer and other components will diffuse out of the cement and water will penetrate in. The increase in weight over time for samples aged in Ringer 0 s solution was caused by the diffusion of water into the cement (N'Diaye et al., 2012) . Similar levels of moisture uptake (1.8-2%) have been reported with other polymers (Nottrott, 2010; Schmitt et al., 2004) . Although PMMA is a hydrophobic polymer, studies have shown it to absorb up to 2% of its weight in water (Kusy et al., 2001; McCabe and Rusby, 2004; Smith et al., 2011) . A recent study by N'Diaye et al. (2012) demonstrated that PMMA swells when submerged in water. This increase in mass may be beneficial in reducing shrinkage stresses associated with bone cements. The commercial bone cements achieved a total moisture uptake of between 1.5% and 2.3%. Palacos R had a greater moisture uptake when compared to Cemex Isoplastic due to the presence of methyl acrylate, which made the cement more hydrophilic. The composition of the cement therefore plays a role in the extent of moisture uptake. Mathematical modelling demonstrated that the initial diffusion of water into the cement followed Fickian diffusion, but only up to 3 days in Ringer 0 s solution. This result is similar to a study by Grinsted et al. (1992) where Fickian diffusion was observed in polymers below the glass transition point due to the plasticising effect of water. Variation in water absorption was large as shown by the standard deviations for the initial moisture uptake. The decrease in weight experienced by samples aged in air occurred as a result of residual monomer from the polymerisation reaction evaporating over time. Although a decrease in weight was demonstrated for samples aged in air, the amount of MMA evaporating fluctuated, with no linear relationship between change in weight and time. It can be assumed that samples aged in Ringer 0 s solution also experience leaching of the residual monomer. This is further highlighted by the improved goodness of fit for the mathematical models using the additional coefficient for monomer loss (b). The goodness of fit however, was only improved for samples aged in Ringer 0 s solution for up to 3 days, after which no improvement was observed when using an additional coefficient. Therefore it is thought that the leaching monomer does not influence moisture uptake beyond 3 days immersion. The initial leaching of monomer creates vacancies in the cement, which are replaced by water molecules and this results in a dramatic increase in moisture uptake over the first 3 days, which slows as the amount of leached monomer reduces. After the initial uptake of water, diffusion between the polymer molecules is thought to occur. This period of moisture uptake may be influenced by molecular changes in the cement and the relaxation of the polymer chains. Similarly, porosity within the cement may prolong the moisture uptake process by creating pathways for further diffusion.
Several changes occurred to the mechanical properties of the commercial cements as a result of ageing. Most notably, long-term ageing in Ringer 0 s solution was found to reduce the strength and modulus of the cement when compared to samples tested in air. Water may act as a plasticiser, inducing structural changes and degradation of the polymer matrix as described by other authors (Oonishi et al., 2011; Nottrott et al., 2007) . The initial moisture uptake may have enhanced the bending properties of bone cement, however after long-term ageing the uptake of water was found to be detrimental to the performance of the cement. Ageing in air resulted in more stable and enhanced mechanical properties as unreacted monomer either evaporated or polymerised slowly to form strengthening interpenetrating molecular networks. Although the cement will initially provide mechanical stability for the implant, after long-term use it is expected that the cement strength will decrease as demonstrated in this study and in extreme cases, loosening or fracture of the cement may occur. The results obtained for the compression and bending tests highlight the limitations of the ISO5833 standard. Significantly different results were obtained when samples were aged according to the standard than when samples were aged in an isotonic fluid at physiological temperatures. The ISO5833 standard does not accurately predict the clinical performance of bone cement and better-defined experiments are required which fully address the effects of physiological ageing. These may incorporate, higher temperatures or more corrosive environments to accelerate the moisture uptake and ageing of the cement prior to testing. Similarly, a physiologically relevant fluid must be employed as ageing in air does not replicate the conditions in vivo accurately.
Fatigue samples stored in Ringer 0 s solution demonstrated rougher fracture surfaces and had poorer fatigue properties. Schmitt et al. (2004) found that long-term soaking in Ringer 0 s solution improves fatigue crack propagation resistance. It is thought that water absorption increases polymer chain mobility and can enhance crack tip blunting. This however, was not observed in this study as fracture toughness and fatigue properties were reduced after ageing in Ringer 0 s solution. Degradation of the cement as a result of ageing may have caused the observed decrease in fracture toughness and fatigue properties. Microcracks developed either as a result of cement shrinkage during polymerisation or high impact loads may therefore decrease the strength of the cement and potentially lead to failure, as the fracture toughness of the cement decreases due to ageing.
The outermost surface of bone cement experiences the most water penetration and therefore is more prone to degradation and structural changes as a result of ageing in isotonic fluid. Although no surface porosity was observed, hardness tests on the surface of samples demonstrated that the material softened over time when aged in Ringer 0 s solution. Furthermore, FTIR scans highlighted structural changes on the surface of samples (using ATR), but not through the bulk (cross-section) of the cement (using KBr). Degradation at the outer surface of the cement, as experienced in this study, would be detrimental to the cementimplant and cement-bone interfaces and could encourage loosening of the implant. The increase in intensity of peaks from ATR scans may be attributed to molecular bonds continuously forming on the outermost layers of the cement. This is consistent with previous studies that state when bone cement is mixed, polymerisation occurs most rapidly in the centre of the cement mass, where the most heat is generated, whilst the outermost layers polymerise more slowly (Stanczyk and van Rietbergen, 2004; Mazzullot et al., 1991) .
Several properties of the commercial bone cements have been investigated in this study, however the dimensions of the various test samples differed due to the requirements of each test. This resulted in different surface to volume ratios, which may have influenced the rate of fluid uptake. Therefore, samples with different dimensions aged for the same amount of time may have experienced different levels of water uptake. To overcome this issue, fracture toughness, Vickers hardness and glass transition temperature samples were all aged for 60 days to ensure that the maximum amount of water uptake took place before testing. This allowed for a comparison between material properties of fully saturated samples.
Polymers have been known to undergo hydrolysis when immersed in acidic conditions at high temperatures. The acid acts as a catalyst for the reaction and under weak acidic conditions, hydrolysis of the polymer may occur slowly over time. As OH groups were found to form when bone cement was immersed in Ringer 0 s solution at 37 1C, it is possible that hydrolysis of the ester groups (C¼ O) of PMMA caused the change in polymeric structure. In vivo any localised acidic pH in the area of the implant may further accelerate this reaction. This process results in the formation of methanol (CH 3 OH) and carboxylic acid (-COOH) (as shown in Fig. 7a and b for MMA and PMMA respectively). A reduction in the glass transition temperature was also observed as a result of ageing, indicating chemical degradation. This theory has been postulated by other authors and demonstrated using a variety of techniques (Hughes et al., 2003; Bettencourt et al., 2004) . Bettencourt et al. (2004) found changes in the wetting properties and the molecular structure of artificially aged PMMA bone cement using contact angle measurements and X-ray photoelectron spectroscopy (XPS). Hughes et al. (2003) used gel permeation chromatography (GPC) to demonstrate changes in molecular weight and FTIR to demonstrate chemical changes in artificially and physiologically-aged cement. The changes observed by Hughes and Bettencourt were similar to the results of this study. Oonishi et al. (2011) also used FTIR to study structural changes of retrieved CMW1 cement samples. CMW1 cement however, did not undergo structural changes, as experienced with Cemex Isoplastic and Palacos R in this study. Structural changes in Cemex Isoplastic and Palacos R were further highlighted by a reduction in the glass transition temperature. Since the glass transition temperature is dependent upon molecular weight it can be assumed that a reduction in the molecular weight would also have occurred as a result of ageing. These findings correlate well with the majority of ageing studies on PMMA (Hughes et al., 2003; Bettencourt et al., 2004; McCrum et al., 1997; Arnold and Venditti, 2001) . A reduction in both these properties would result in polymer chains having greater mobility at body temperature. This greater mobility can be attributed to scission of polymer chains, via the hydrolysis mechanism outlined above, and would result in a less rigid cement, as observed in the results. Furthermore, increased surface wettability, caused by hydrolysis of PMMA has been hypothesized by Bettencourt et al. (2004) , to induce a host response towards the implant, which may contribute to its loosening.
Although a variety of properties of aged bone cement have been investigated, there are several limitations to this study. Fig. 7 -The proposed mechanisms by which hydrolysis of ester groups of (a) MMA and (b) PMMA occurs.
The samples were unloaded when aged in a simple isotonic fluid. In vivo it is expected that the cement will be subjected to a continuous loading and unloading regime, potentially increasing its rate of degradation. It is also expected that the environment experienced in vivo is more hostile with the cement interacting with cells, enzymes, lipid material and wear particles. This may have a greater impact on the changes experienced in terms of molecular, mechanical and crack propagation properties. It is debated whether mixing techniques significantly influence cement porosity (Graham et al., 2000; Linden, 1989; Messick et al., 2007) . As manual mixing was employed in this study, it is not known if samples prepared using vacuum mixing techniques would produce different results due to variations in cement porosity. Employing a variety of mixing techniques would have provided useful information on moisture uptake and ageing as a consequence of mixing technique and porosity. The mechanical and fatigue tests would also be influenced by factors such as porosity and the presence of stress raisers, such as voids and agglomerations and therefore mixing technique is an important factor to consider. Static tests do not replicate the loading conditions that occur in vivo. Nevertheless, the range of in vitro tests employed, which cover properties and loading conditions relevant to in vivo circumstances, can be used to establish baseline performance for comparative purposes.
To prevent ageing of the cement, it is recommended that a more hydrophobic cement be developed. Modifying the cement with a silane, as demonstrated by Gbureck et al. (2005) , has been shown to improve the bond strength with the metallic implant and prevent hydrolysis of the interface. Employing hydrophobic radiopacifiers, such as the iodine-based radiopacifiers developed by Lewis et al. (2005) , over conventional hydrophilic radiopacifiers, such as barium sulphate, may also slow the rate of water uptake and therefore long-term ageing.
Conclusions
Polymers have been known to undergo time-dependant changes in mechanical and rheological properties when submerged in aqueous fluid. The extent of these changes can be attributed to the amount of fluid uptake, the type of fluid, the surrounding temperature, the composition of the polymer and the immersion time (McCrum et al., 1997) . The mechanisms of moisture uptake in two commercial bone cements have been investigated and a reduction in strength and hardness, an increase in fatigue crack growth rate and structural changes were observed as a result of in vitro ageing in Ringer 0 s solution at 37 1C. Initial diffusion of water into PMMA bone cement was found to be Fickian and was thought to be governed by the leaching of unreacted monomer from the cement, which created vacancies thereby occupied by water molecules. A maximum change in weight of 2% after 30 days was observed due to moisture uptake, which was accompanied by structural changes in the outermost layer of the cement, where high levels of diffusion are thought to occur and where the cement polymerises most slowly. This adversely affected the mechanical and fatigue properties of the commercial cements, with significant differences observed between samples tested according to the standard and those tested after ageing in isotonic medium. The effects of ageing and moisture uptake are thought to contribute to the long-term failure of PMMA bone cement and therefore, methods to prevent cement degradation and more accurate testing techniques must be developed, which fully account for physiological ageing.
